The sol-gel and hydrothermal methods were adopted to synthesize β-NiMoO 4 and α-NiMoO 4 respectively, which were characterized by XRD and H 2 -TPR. Their catalytic performances for oxidative dehydrogenation of propane were tested. The results indicated that the crystal structure of catalysts obtained from different preparation methods was different; thereby there was a great variation in the catalytic performance. The β-NiMoO 4 catalyst prepared by the sol-gel method exhibited the better catalytic performance for oxidative dehydrogenation of propane under the low temperature, over which the propylene yield can attain 9.47% at 450°C, than that of α-NiMoO 4 prepared by the hydrothermal method.
Introduction
Propylene is an important petrochemical raw material, and its demand increases annually. The conventional production techniques of propylene have failed to satisfy the actual demands. Therefore, the development of new production techniques of propylene has become an urgent need. Oxidative dehydrogenation of propane (ODHP) is an important project for the optimized utilization of oil gas and natural gas, and is also a more attractive and new means for producing propylene. Therefore, it has aroused the wide concerns of researchers [1] . At high temperatures, it is very easy that propylene reacts with oxygen to form CO x , leading to the reduction of the selective to propylene, since chemical activity of propylene is higher than that of propane. Therefore, the research and development of the active catalysts at low temperature is an important focus for ODHP reaction.
NiMoO 4 can be used as various kinds of catalysts in different catalytic reactions, such as catalytic process of methanol oxidation. Especially, such catalysts, causing the wide concerns, possess higher catalytic activities in the oxidation dehydrogenation (ODH) of low carbon alkane [1] . It was found that NiMoO 4 had two kinds of phases, i.e. low temperature phase α and high temperature phase β, which were both n-type semiconductor indicated by conduction determination, furthermore the surface O 2− participated in the ODHP reaction [2] . However, the sample was p-type semiconductor, when Ni/Mo>1 [3] . The propylene formation rate on β-NiMoO 4 was two times faster than that on α-NiMoO 4 [2] . High temperature X-diffraction analysis indicated that α-NiMoO 4 was converted into β-NiMoO 4 in full, when it was heated at 700°C for 15min. The stabilizing temperature of β-NiMoO 4 which is converted to α phase about 300°C can be reduced to 500°C by using the thermal decomposition method [4] . Therefore, it is necessary to heat the reactor to maintain the long-term existence of β phase [5, 6] . In contrast, β-NiMoO 4 has been synthesized with success under low temperature by the sol-gel method in this work. Moreover, the impact of the preparation method on the crystal structure and catalytic performance of NiMoO 4 for ODHP was researched.
Experiment
Sol-gel method: it is mainly included that the preparation of sol and the conversion process of sol-gel. (a) A given amount of Ni(NO 3 ) 2 ·6H 2 O and (NH 4 ) 6 Mo 7 O 24 · 6H 2 O (the mole ratio n(Ni):n(Mo) = 1:1) were respectively dissolved in 20 mL of deionized water. Then the two solutions were mixed evenly, which was undergone ultrasound for 15min. A floccule was formed. A citric acid solution (0.3 mol/L) was added, according to 0.4 times of the mole amount of the total metals. The deposit was agitated and dissolved to form a complex sol. (b) The sol was evaporated at 75°C in water bath, and then solidified at 120°C for 24h, which was converted to a gel. The gel was calcined at 500°C for 4h, with a heating rate of 2°C/min.
Hydrothermal method: The aqueous solutions of Ni(NO 3 ) 2 ·6H 2 O and (NH 4 ) 6 Mo 7 O 24 ·6H 2 O (the mole ratio n(Ni):n(Mo) = 1:1) were mixed evenly, which was undergone ultrasound for 15min. A floccule was formed. The mixed solution was transferred into a 100 mL Teflon-lined stainless steel autoclave and crystallized at 140°C for 12 h in an oven. After cooling to room temperature, the sample was separated centrifugally, washed with anhydrous alcohol and deionized water for several times, and dried at 120°C for 24 h, which was heated to 500°C at a heating rate of 2°C/min and calcined at 500°C for 4 h.
Characterization of catalysts

... XRD analysis
The XRD patterns of the samples were recorded on a X-ray diffractometer of Regaku Ultima IV type (Japanese Regaku Corporation), with Cu Kα radiation source (λ = 0.15406 nm), a tube voltage of 40 kV, a tube current of 40 mA, scanning range 5∼80°, and scanning speed 2°/min.
... H  -TPR analysis
H 2 -TPR analysis experiments were conducted on a Chem BET TPR/TPD Chemisorption Analyzer made by American Quantachrome Company. A U type quartz tube with a diameter of 5 mm was used and the loading capacity of sample was 50 mg. Firstly, it was purged using pure Ar for 30 min at 150°C, and then cooled to room temperature. Then, a temperature programmed reduction was started from room temperature to 800°C. The reducing gas was H 2 +Ar mixed gas (H 2 /Ar = 5/95). The heating rate was 10°C/min. TCD detector was used.
... Determination of specific surface areas
Specific surface analysis was measured by using an ASAP2020 type physical adsorption analytical system made by the American Micromeritics Company. Firstly, the sample was out-gassed at 150°C for 2 h under vacuum, and then the N 2 adsorption isotherm (p/p 0 = 0.01∼0.30) was recorded at 77 K. The specific surface area was calculated by 8-point BET method.
Activity evaluation of catalysts
The ODHP reaction was performed at atmospheric pressure in a fixed bed quartz reactor. For each testing, catalyst (ca. 0.20g) was loaded in a quartz tubular reactor ( = 8 mm). The remaining space of the reactor was filled with quartz sand to minimize possible homogeneous reaction. Typical feed gases used were V(C 3 H 8 ) = 2mL/min, V(O 2 ) = 2mL/min and V(N 2 ) = 16mL/min with a total flow rate of 20mL/min. The reaction temperature was ranged from 300 to 500°C at 50°C intervals. The highest temperature was consistent with the calcining temperature. The reaction products were analyzed on line by gas chromatography (GC) with TCD detector using two packed columns, OV-1 column for H 2 ,CH 4 , C 2 H 4 , C 2 H 6 , C 3 H 6 ,C 3 H 8 separation and TDX-01 column for O 2 ,CO, CO 2 , CH 4 separation.
Results and discussion
XRD analysis
The XRD patterns of the NiMoO 4 catalysts synthesized by the sol-gel and hydrothermal method are presented in Fig. 1 .
It can be seen from Fig. 1 that the NiMoO 4 catalyst synthesized by using the hydrothermal method has three strong diffraction peaks at 2θ values of 14.3, 28.9 and 43.9°, which are corresponded to the characteristic diffraction peaks of α-NiMoO 4 (JCPDS No. 33-0948). In contrast, the NiMoO 4 catalyst synthesized by the sol-gel method has a strong diffraction peak at 2θ value of 26.6°in consistent with the characteristic diffraction peak of β-NiMoO 4 (JCPDS No. 45-1042) [7, 8] . It can be seen that the crystal structure of NiMoO 4 is different with the different synthesis method, while β-NiMoO 4 can be synthesized at low temperature by using the sol-gel method.
H 2 -TPR analysis
H2-TPR experiments were carried out and the corresponding results are described in Fig. 2 . There are two main peaks for all catalysts. The main reduction peak of pure NiO is at 380°C, being due to the Ni 2+ →Ni 0 transition [9] ; but those of pure respectively. The peak area of β-NiMoO 4 (Sol-gel method) in the 400∼600°C range is larger than that of α-NiMoO 4 (Hydrothermal method), indicating the increase of the surface oxygen species of the catalyst by the sol-gel method. The corresponding peak shape is more symmetry at low temperature. Meanwhile the high temperature reduction peak is displaced to 800°C, indicating the β-NiMoO 4 catalyst synthesized by the sol-gel method possesses a stronger reducibility.
Analysis of BET specific surface area
The results of BET specific surface areas of the two kinds of catalysts are listed in Table 1 , indicating the impact of the preparation method on the specific surface area is ignorable.
Catalytic performance for ODHP
Li et al [11] reported that pure NiO gave excellent low temperature catalytic activity for ODHP, but the selectivity to propylene was low. The yield of propylene was 4.9% at 300°C, and the propane was fully oxidized to CO 2 at 350°C; and it was found that the catalyst possessed an activity with an elevated selectivity to propylene at low temperature, when Mo was added into NiO. In the present work, two kinds of NiMoO 4 catalysts were synthesized by the sol-gel and the hydrothermal method. It was found that the catalyst synthesized by using the sol-gel method gave a higher conversion of propane in the 350∼550°C range, and the yield of propylene was the maximum at 450°C. Fig. 3 shows the variation of propane conversion and the selectivity to propylene with reaction temperature, Fig. 4 shows the corresponding yield of propylene. All the NiMoO 4 catalysts began to have activity at 350°C, on which the selectivity to propylene was very high, but the conversion of propane and the yield of propylene were both very low, only about 1%. The conversion of propane increased with reaction temperature increment from 350 to 550°C, while the selectivity to propylene decreased gradually. The β-NiMoO 4 catalyst synthesized by the sol-gel method had a higher conversion of propane than that synthesized by the hydrothermal method, but the selectivity to propylene was reduced constantly. The yield of propylene on the former was higher than that on the latter from 350 to 450°C, which can reach a maximum of 9.47% at 450°C. 
Conclusions
Two kinds of NiMoO 4 catalysts were synthesized by the sol-gel and hydrothermal method respectively. The β-NiMoO 4 catalyst synthesized by the sol-gel method gave a higher yield of propylene at low temperature range of 350∼450°C than the α-NiMoO 4 catalyst synthesized by the hydrothermal method catalyst, which can reach a maximum 9.47% at 450°C, indicating that β-NiMoO 4 had the better catalytic performance for ODHP. The characterization results of H 2 -TPR indicated that β-NiMoO 4 synthesized by the sol-gel method had more oxygen s%pecies than α-NiMoO 4 synthesized by the hydrothermal method at low temperature range.
